Mycobacterium awium complex strains and Mycobacterium paratuberculosis are closely related intracellular pathogens affecting humans and animals. M. awium complex infections are a leading cause of morbidity and mortality in AIDS patients, and M. paratuberculosis is the agent of Johne's disease in ruminants. Genetic manipulation of these micro-organisms would facilitate the understanding of their pathogenesis, the construction of attenuated vaccine strains and the development of new drugs and treatment methods. This paper describes the replication of mycobacterial shuttle phasmids and plasmids, and the expression of the firefly luciferase reporter gene in M. awium complex and M. paratuberculosis. The mycobacteriophage TM4 propagated on M. smegmatis or M. paratuberculosis plaqued at the same efficiency on these two mycobacterial hosts. Screening of M. awium complex and M. paratubemulosis clinical isolates with T W e r i v e d luciferase reporter phages demonstrated that the majority of these isolates were susceptible t o TM4. Conditions for introduction of DNA were determined by transfection of M. paratuberculosis with TM4 DNA and applied t o isolate kanamycin-resistant transformants of M. a wium complex and M. paratubemulosir with ischerichia coli-Mycobacterium shuttle plasmids. Recombinant plasmids were recovered from transformanb without apparent loss of DNA sequences. These results provide the basis for the genetic manipulation of these pathogenic mycobacterial species. were grown standing at 37 OC in Middlebrook 7H9 broth, adjusted to pH 5.9, and supplemented with oleic acid/albumin/dextrose complex and 005 % Tween 80. Ferric mycobactin J (Allied Monitor) at 1.0 pg ml-' was added for M. paratuberculosis cultures. For solid media, Tween was omitted and Bacto Agar was added to 7H9 Middlebrook medium at 15 g 1-l. High-titre lysates were prepared and purified by caesium chloride equilibrium density centrifugation, as previously described (Jacobs et al., 1991).
INTRODUCTION
Mycobacterium avium complex strains and Mycobacterium paratuberculosis are facultative intracellular pathogens able to replicate in mononuclear phagocytes. The M . avium complex includes 28 serovars of two species, M. avium and M . intracellulare. M . avium complex infections are a leading cause of morbidity and mortality for AIDS patients. These patients tend to develop bacteraemia and disseminated infections late in the course of the disease (Hawkins etal., 1986; Inderlied etal., 1993; Young, 1988) .
The prevalence of M . avium complex infections of the lung has also increased in patients with predisposing conditions such as bronchogenic carcinoma and chronic obstructive lung disease associated with smoking (Horsburgh et al. , 1985) . M . paratuberculosis is the causative agent of paratuberculosis or Johne's disease in ruminants Stover et al., 1991) , and the isolation of plasmid transformants expressing the firefly luciferase gene. These tools should make possible the genetic manipulation of these microorganisms for the construction of attenuated vaccine strains, the study of the mechanisms of pathogenesis, and the development of new antibiotics and other treatment methods.
METHODS
Bacterial strains, phages and plasmids. Escherichia coli and mycobacterial strains, mycobacteriophages and shuttle plasmids are described in Table 1 . M. paratuberculosis strains K-10 and S-23 were bovine isolates with two to three in vitro passages and confirmed to be M. paratuberculosis by a DNA probe detection assay (Iddexx Laboratories) and their characteristic mycobactin dependency (Thorel e t al., 1990) . M. smegmatis cultures were grown with shaking at 37 OC in Middlebrook 7H9 broth supplemented with albumin/dextrose complex and 0.05 % Tween 80. M. paratuberculosis and M. avium complex cultures were grown standing at 37 OC in Middlebrook 7H9 broth, adjusted to pH 5.9, and supplemented with oleic acid/albumin/dextrose complex and 005 % Tween 80. Ferric mycobactin J (Allied Monitor) at 1.0 pg ml-' was added for M. paratuberculosis cultures. For solid media, Tween was omitted and Bacto Agar was added to 7H9 Middlebrook medium at 15 g 1-l. High-titre lysates were prepared and purified by caesium chloride equilibrium density centrifugation, as previously described .
Mycobacteriophage infection assays.
Phage lysates (0.1 ml of duplicate 10-fold serial dilutions) were incubated with 0.2 ml of fresh mycobacterial cultures, corresponding to approximately 3.0 x lo7 c.f.u., for 30 min at room temperature. Middlebrook 7H9 soft agar (0.7 %) was added, and the cells were plated on 7H9 Middlebrook medium by the soft agar layer method as described by Adams (1959) and incubated at 37 OC until either plaques or confluent lawns developed (1 to 3 d for M. smegmatis, 2 to 4 weeks for M. avium complex strains and M. paratuberculosis). Phage titres were determined at dilutions that gave single isolated plaques to exclude the possibility of lysis from without.
Infection with luciferase reporter phasmids and luciferase assays. Infection with luciferase reporter phages and luciferase assays were performed as described by Jacobs et al. (1993) . Mycobacterial cultures were grown to exponential phase (OD,,, 0-2; approximately 6.0 x lo7 c.f.u. ml-l) in Middlebrook 7H9 medium, washed three times in growth medium without Tween, diluted fivefold in fresh medium and grown in standing conditions at 37 OC for 48 h to an OD,,, of approximately 0.1. From these cultures 1.0 ml (approx. 3.0 x 19' c.f.u.) was infected with 1.0 x lo9 p.f.u. of phAE39 or phAE40. Duplicate 0-1 ml samples were withdrawn and diluted with 0.25 ml Middlebrook 7H9 broth without Tween. The luciferase activity was measured at 0, 30, 60, 120 and 240 min using a luminometer (EG&G Berthold AutoLumat LB953) after automated injection of 0.1 ml 1.0 mM luciferin in 0.45 M sodium citrate buffer.
Transfection and transformation of mycobacteria. Conditions for transfection and transformation of M. avium complex and M. paratuberculosis were optimized based on previous studies with M. smegmatis and BCG (Barletta et al., 1992; Jacobs et al., 1991 ; Lugosi et al., 1989; Snapper e t al., 1988 Snapper e t al., , 1990 . Mycobacterial cells were grown in complete Middlebrook 7H9 medium as described above. After the culture reached the desired density, cells were incubated on ice for 3 h, harvested, washed and resuspended in 10% (v/v) glycerol at an approximate cell density of 1.0 x 10" c.f.u. ml-'. The concentrated cell suspensions (0.4 ml) were mixed with phage (5.0 pg) or plasmid (1.0 pg) DNA, and electroporated (BioRad Gene Pulser, 2500 V, 1000 a, 25 pF, 0.2 cm-gap cuvettes). Immediately after electroporation, cells were diluted in Middlebrook 7H9 medium, and incubated for 2 h at room temperature. For transfection experiments, the electroporated cells were mixed with approximately 5-0 x lo7 c.f.u. fresh cells, plated on Middlebrook 7H9 medium by the soft agar layer method as described for phage infection assays, and incubated at 37 "C. Cells transformed with plasmid DNA were plated on Middlebrook 7H9 agar supplemented with 50 pg kanamycin ml-' and incubated at 37 OC. M. avium complex and M. paratuberculosis plaques and colonies developed in 4 to 6 weeks.
Standard DNA procedures. Procedures for plasmid isolation from E. coli and mycobacterial hosts, agarose gel electrophoresis, restriction endonuclease analysis and transformation of E . coli with plasmid DNA were as described elsewhere (Barletta etal., 1992; Jacobs etal., 1991 ; Kado & Liu, 1981; Sambrook et al., 1989) . Procedures to detect M. avium complex DNA by hybridization with AccuProbe M. avium complex probe (Gen-Probe) were carried out as described by the manufacturer.
Antibiotic susceptibility assays. To determine the minimum concentration of kanamycin necessary for selection of M. avium complex and M. paratuberculosis transformants, approximately 5.0 x lo9 c.f.u. were plated on complete Middlebrook 7H9 agar plates containing either 10, 25, 50 or 100 pg kanamycin ml-'.
Susceptibilities of M. avium complex transformants and host strains to kanamycin and amikacin were determined using BACTEC 12B medium (Becton Dickinson) by a radiometric assay as previously described (Inderlied e t al., 1987) . 1984), was likely to infect M. paratuberculosis. In addition, the better-characterized mycobacteriophages D29 and L1, and the less-characterized soil isolates ph60, ph72 and Bxbl were tested. Mycobacteriophage stocks were propagated on M. smegmatis and plaqued on various M. paratuberculosis strains (Table 2) . TM4 and phAE39, a shuttle phasmid derived from TM4, plaqued at high efficiency on M. paratuberculosis strains ATCC 19698, and isolates K-10 and S-23. Phage ph6O plaqued at reduced and highly variable host-dependent efficiencies, and avium complex strains were also tested for phage susceptibility using a rapid spot-test assay. Appropriate serial dilutions of phage stocks were spotted onto 7H9 Middlebrook agar plates seeded with M. avium complex strains mc271, mc274, mc276 and mc277. After two weeks incubation at 37 O C , areas of phage lysis with isolated plaques were observed with each strain using ph60, TM4 and the TM4-derived phasmids (data not shown). Other phages tested (see Table 1 ) did not plaque.
RESULTS

Phage susceptibility studies
Expression of the firefly luciferase gene
Gene fusion technology (Silhavy et al., 1984) paratuberculosis K-10 with the TM4 derivatives phAE39 and phAE40 resulted in light production. The kinetics of light output generated upon infection of M.
paratuberculosis with phAE39 was somewhat slower than with M. avium and M. smegmatis as hosts (Fig. l) , although all strains reached approximately the same maximum level of luciferase activity at 120 min after phage infection.
Reporter phage assays were also performed with M. avium complex strains including isolates from AIDS patients (Fig. 2) . The serovar 2 strains mc271, mc276 and mc277, and the AIDS patient isolates MAC100 (serovar 8) and MAC109 (serovar 4) resulted in moderate to high levels of luciferase activity with both phAE39 and phAE40. The serovar 2 strain mc274 produced slightly above background bioluminescence upon infection with phAE39 and no light output upon infection with phAE40. The serovar 2 strain 18 and the serovar 1 strain MAClOl were not infected by phAE39 or phAE40 and did not produce 
Transfection of M. paratuberculosis
Since mycobacteriophage TM4 readily infected M. paratuberculosis, TM4 DNA was used to test conditions for the introduction of DNA into M. paratubercdosis. DNA from phage D29, unable to plaque on M. paratuberculosis, was also used. Phage DNA was isolated from phages propagated on M. smegmatis and introduced into M. paratuberculosis by electroporation ( Table 3) . The transfection experiments showed that plaques on M. concentrations were tested. Most M. avium complex and M. paratuberculosis strains were sensitive to 50 pg ml-'. Using the E. coli-Mycobacterium shuttle plasmids pMV262 (Stover e t al., 1991; Connell et al., 1993) and pYUB180 , the latter carrying the firefly luciferase gene, we were able to isolate kanamycin-resistant transformants from each M. avium serovar 2 strain, except mc277, and from M. paratuberculosis prototype strain and clinical isolates. In addition, M. avium complex strains 8624-86, 8626-86 and 8627-86 were transformed with plasmid pMV261 (Stover e t al., 1991) , identical to pMV262 except for a base pair addition in the multiple cloning site of the latter. M. avium strains 18, MAC100, MAC101 and MAC109 were resistant to 50 pg kanamycin ml-' and their transformability was not evaluated. Kanamycin-resistant M. avium complex transformants and their parent kanamycin-sensitive strains were all sensitive to 16 pg amikacin ml-', an aminoglycoside related to kanamycin, which is used as a first-line antimycobacterial agent. The identities of all M. avium complex transformants were confirmed by a positive test with the AccuProbe M. avium complex probe, and M. paratuberculosis transformants by mycobactin dependence. Many of the strains tested were transformable, at varying efficiencies (Table 4 ). M. avium complex strains mc276 and 8627-86 gave approximately 10-to 50-fold more transformants than other M. avium complex or M. paratuberculosis strains, but still 10-fold fewer than M. smegmatis. Among M. paratuberculosis strains, the clinical isolate K-10 gave the greatest number of transformants, approximately a fivefold higher transformation efficiency than the prototype strain. Transformation of M. paratuberculosis K-10 with the cloning vector pMV262 and the recombinant pYUB180 gave approximately the same number of transformants, indicating that transformation efficiencies were determined by properties of the host strain rather than the plasmid DNA.
Indigenous plasmids have been reported in M. avium complex strains (Crawford & Falkinham, 1990 ) which may decrease the transformation efficiencies by a mechanism of incompatibility or competition for replication or partition. Attempts to find plasmids in M. avzum complex strains were carried out by a DNA minipreparation procedure as previously described .
Approximately 3.0 x lo9 cells (10 ml cultures) were harvested at mid-exponential phase (ODGoo approximately 0.5). Gel electrophoresis revealed a 2.3 kb plasmid in the transformable strain mc271 and a 14 kb plasmid in the kanamycin-resistant strain MAC1 09 (data not shown).
None of the other M. avium complex strains appeared to have plasmids, although the presence of large low-copynumber plasmids cannot be ruled out.
Characterization of M. avium complex and M. paratuberculosis transformants
To determine the stability and integrity of the shuttle plasmid, DNA was isolated from a representative M. analysis, the shuttle plasmid isolated from M. paratuberculosis was transformed back into E. coli. Plasmid DNA was purified from the original E. coli clone and from E. coli transformed with plasmid DNA isolated from M.
paratuberculosis, and digested with EcoRI or SmaI, either separately or in combination. Restriction fragments were separated by agarose gel electrophoresis. Digestion patterns from each plasmid were identical (Fig. 3) . Therefore, within the conditions described, no apparent loss of pYUB180 sequences was observed in M. Quantitative analysis was performed to determine the minimum number of cells detectable by the luciferase assay (Fig. 4) . The luciferase gene was expressed at similar levels in the three mycobacterial species. Serial dilutions indicated that the luciferase assay detected 300 to 3000 
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generating similar levels of luciferase in the same mycobacterial host. Transfection with phage DNA (Table 3) was considerably less efficient than transformation with plasmid DNA ( The shuttle plasmid pYUBl80 maintained its integrity after sequential transformation into M . paratuberculusis and E . culi, with no apparent rearrangement after one passage in M . paratuberculosis (Fig. 3) . Expression of the firefly luciferase in pYUB180 M. avium and M . paratuberculosis transformants was determined and compared to the luciferase expression from pYUB180 M . smegmatis transformants (Fig. 4) . The results indicated that the luciferase gene was expressed from the heat-shock promoter to approximately the same level, suggesting that the transcriptional machineries from these microorganisms share substantial similarities.
